A large variety of functional self-assembled supramolecular nanostructures have been reported over recent decades. 1 The experimental approach to these systems initially focused on the design of molecules for specific interactions that lead to discrete geometric structures. [1] [2] [3] [4] Recently, kinetics and mechanistic pathways of self-assembly have been investigated, 6,7 but there remains a major gap in our understanding of internal conformational dynamics and their links to function. This challenge has been addressed through computational chemistry with the introduction of molecular dynamics (MD) simulations, which yield information on molecular fluctuations over time. [5] [6] [7] Experimentally, it has been difficult to obtain analogous data with sub-nanometer spatial resolution. Thus, there is a need for experimental dynamics measurements, to confirm and guide computational efforts and to gain insight into the internal motion in supramolecular assemblies. Using site-directed spin labeling and electron paramagnetic resonance (EPR) spectroscopy, we measured conformational dynamics through the 6.7 nm cross-section of a self-assembled nanofiber in water and provide unique insight for the design of supramolecular functional materials.
locked into a hydrogen bonded, β-sheet domain of the same protein. 8 This example illustrates the strong correlation between the dynamics at specific protein sites and the localized dominant intermolecular interactions. [9] [10] [11] Similar to the range of conformational dynamics within a protein, supramolecular nanostructures are also likely to demonstrate a range of conformational dynamics concordant with the strength of local intermolecular interactions. Such variation in conformational dynamics could be an important element to the design of their functions. 12 For example, the dynamics at the surface of a supramolecular nanofiber may have significant consequences to cell signaling functions, while nanofiber stiffness is expected to influence the mechanobiology of cell differentiation 13 and maturation. 14 Experimental dynamics measurements with sub-nanometer resolution have not yet been demonstrated.
We examined the dynamics through the cross-section of a self-assembled nanofiber whose intermolecular interactions are designed to differ on the nanometer length scale. 15 The range of internal motion is expected to be diverse due to the modularity of the self-assembling subunits in a nanofiber constructed of peptide amphiphiles (PAs). 1, 2, 7 As illustrated in Fig.  1a , the PA molecule is defined by its three structural components: (1) a hydrophobic alkyl tail, (2) a structural peptide sequence often designed to exhibit a high propensity for β-sheet formation, and (3) a terminal sequence that contains charged residues and sometimes a bioactive moiety. In water, hydrophobic collapse of the aliphatic tails induces self-assembly into high-aspect-ratio nanofibers in which the aliphatic core is partitioned from the peptide domain. When the sequence closest to the core is composed of residues with a high propensity for β-sheet formation, such as valines and alanines, β-sheets are expected to persist down the long axis of the fiber. 16, 17 Conversely, these β-sheets can be disrupted by replacing the amide hydrogen atoms involved in hydrogen bonding with methyl groups. 18 We investigated cross-sectional dynamics by covalently bonding to specific sites of the PA molecules spin label probes containing small and unobtrusive radical electron moieties fused directly to the peptide backbone or alkyl tail of a PA molecule (Fig. 1) , 19, 20 and used quantitative EPR spectroscopy to analyze local molecular motion at each site.
For this work, PA 1 was chosen because the alkyl core, structural sequence, and headgroup domains embody three different intermolecular interactions: van der Waals dominate in the core, β-sheet hydrogen bonding dominates the structural domain, and the surface is governed by electrostatic repulsion. This internal complexity allows the observation of a range of dynamics through the PA 1 cross-section. To provide contrast to the internal dynamics of PA 1 nanofibers, chemical modification of a residue in the structural sequence was carried out to decrease intermolecular hydrogen bonding propensity. Specifically, incorporation of an N-methylated residue in the PA structural sequence (PA 2) has been shown to hinder internal β-sheet formation, and thus a nanofiber composed of both PA 1 and 2 is a weak β-sheet analogue of PA 1. 18 We therefore pursued measurements of site-specific dynamics through the cross-section of PA 1 nanofibers and nanofibers formed by co-assembly of PA 1 and 2 (PA 1/2). Each of these systems form nanofibers with static structures that cannot be distinguished using conventional techniques, such as electron microscopy or small angle xray scattering (SAXS), that characterize only geometry, dimensions, and aspect-ratio ( Fig.  1c and Supplementary Section S2).
EPR spectra of nitroxide spin probes contain information of local molecular motion. This information arises from the interaction between the radical electron of the nitroxide probe and an applied magnetic field. When EPR spectra are carried out at X band (9.8 GHz), correlation times on the order of 10 −6 to 10 −9 s can be resolved (corresponding to rotational diffusion rates in the range of MHz to GHz). Site-specific dynamics within PA nanofibers were investigated by incorporation of nitroxide spin labels (PAs 1a-1e) into PA 1 and PA 1/2 nanofibers. The spin label moieties on PAs 1a-1e were positioned to survey the full dynamic range of the nanofiber cross-section. Cryo-TEM and SAXS confirm that the incorporation of spin labels does not perturb the canonical PA nanofiber structure (see Supplementary Section S2). EPR spectroscopy of the hybrid nanofibers (each of PA 1 and PA 1/2 combined with 0.4 % of PAs 1a-1e) was carried out to obtain dynamics information from each site containing the spin label (Fig. 2) . In this methodology, narrow EPR line shape indicates fast motion as expected when the region of the PA molecule containing the nitroxide probe experiences weak intermolecular interactions, and broadened spectra correspond to slow motion as in the case of a spin probe buried in a region of the PA nanofiber that exhibits high propensity for hydrogen bonding. This effect can be seen by eye in Fig. 2 , where the narrowest spectra are observed when PA 1a, the spin label at the surface, and 1e, the spin label in the core domain, are incorporated into the nanofibers. In addition, the breadth of spectra at each site (1a-1e) of the PA 1 nanofibers (Fig. 2a) is greater than that of each corresponding site of PA 1/2 composite nanofibers (Fig. 2b ).
EPR simulations of the spectra shown in Fig. 2 were performed using a non-linear least squares analysis based on the microscopic order macroscopic disorder (MOMD) model pioneered by the Freed laboratory. 21 In this model, PA nanofibers are randomly oriented in the sample and nanofiber diffusion is taken to be negligible on the timescale of the molecular motion captured by the spin probes. Thus, the spin probes reflect molecular motion with respect to the stationary nanofiber frame of reference. Details of the fitting procedure can be found in Supplementary Section S3. From the EPR simulations, rotational diffusion rates (k r ) were extracted from the fitting parameters and were plotted against radial position within the nanofiber (Fig. 3a) .
The rotational diffusion rates (k r ), shown in Fig. 3a , span a range of nearly two orders of magnitude. This broad range confirms the anticipated complexity in internal dynamics of the PA nanofiber and indicates that the nanofiber simultaneously expresses liquid-like and solidlike dynamics through the small (6.7 nm) cross-section. In addition, these measurements reveal substantial differences in dynamics in the structural domain of the nanofiber depending on the presence of low β-sheet propensity PA molecules (PA 2). At the surface of the PA 1 nanofiber (radial position 1) the dynamics are commensurate with a viscous fluid, with a rotational diffusion rate of 105 MHz. As a point of reference, freely dissolved spin labeled small molecules exhibit rotational diffusion rates on the order of hundreds of MHz. When PA 2 is incorporated into the nanofiber, the surface dynamics are unchanged, indicating that the internal N-methyl modification does not significantly affect the PA surface.
The innermost residue is known to contribute as a critical component to the β-sheet structure in the canonical PA nanofiber, and so this site is expected to exhibit slow dynamics. 18 Fig. 3a shows that indeed, the inner structural sequence of the PA 1 nanofiber (at radial position 0.54) exhibits very slow motion of k r =6.5 MHz. Interestingly, the rotational diffusion rate at the region of the alkyl core adjacent to the innermost residue (at radial position 0.35) also shows very slow dynamics (k r =5.4 MHz). This site is separated by a distance of only about 5 Å from the structural sequence, and thus the hydrogen bonding of the innermost residues may impose order, and consequently reduced dynamics, at a moderate depth into the nanofiber core. In contrast to the slow dynamics at the innermost residue of PA 1, the PA 1/2 nanofiber exhibits much faster dynamics at the same radial position. This is the result of the reduced hydrogen bonding propensity arising from the incorporation of an N-methylated valine in the structural sequence, an effect that unambiguously shows the relationship between strength of intermolecular interaction and internal site-specific dynamics. At radial position 0 of the PA 1 nanofiber, viscous fluid-like, dynamics are observed. While we acknowledge that the spin label at radial position 0 might be capable of surveying the entire core, and even possibly folding back into the peptide domain, it is still not surprising that the dynamics of this spin label are much faster than at radial position 0.35 since only a weak correlation to the structural sequence exists at a site that is separated by 16 as opposed to five carbon atoms. Similarly, at radial position 0 of the PA 1/2 nanofiber, viscous fluid-like dynamics are detected, but with faster motion than at the same site of the PA 1 nanofiber. This observation suggests that less order is present when internal hydrogen bonding is precluded by the incorporation the N-methyl substituted residues in PA 2.
The presence of solid-like motion in PA 1 nanofibers resembles the dynamics of protein sites in regions of persistent intermolecular hydrogen bonding, for example within a β-sheet. Therefore, β-sheet content within the PA 1 and PA 1/2 nanofibers was probed by thioflavin T (ThT) assay and circular dichroism spectroscopy. The ThT assay is a well established technique for characterization of amyloid fibrils, where high fluorescence intensity of ThT indicates the presence of β-sheets. 22 Fig. 3b shows the fluorescence spectra of ThT with PA nanofibers composed of increasing ratios of PA 2 to PA 1. Fig. 3b shows that the fluorescence intensity of PA 1 nanofibers is high, as expected when β-sheet structure is dominant. When PA 2 is incorporated at 1-10%, the ThT fluorescence intensity remains high, suggesting that β-sheet structure is still favored. A sharp decrease in ThT fluorescence intensity occurs when the content of PA 2 reaches the range 20-50%. At these compositions, the nanofibers are expected to have significantly less β-sheet content. Another transition in ThT fluorescence intensity occurs between 50-100% PA 2. This transition likely corresponds to a geometric change in which monodisperse cylindrical nanofibers are no longer the main component (as supported by SAXS, see Supplementary Section S3). CD was used to further analyze the β-sheet content of PA 1 and PA 1/2 nanofibers. The CD spectrum of PA 1, shown in Fig. 3c , is characteristic of β-sheet structure with a minimum at 215 nm, whereas the spectrum of the PA 1/2 nanofibers is consistent with a combination of random coil or α-helical configurations. The observation of β-sheet structure by the ThT assay and CD spectra in conjunction with the solid-like internal dynamics revealed by EPR spectroscopy suggests immobilized β-sheet structure is present only in the case of PA 1 nanofibers. This indicates ordered and persistent hydrogen bonding locks the residues in the structural sequence into a supramolecular configuration that exhibits nearly negligible fluctuations about an average structure. The molecular dynamics within a self-assembled nanofiber were experimentally quantified, revealing for the first time the complex nature of the molecular motion through a nanofiber cross-section at sub-nanometer length scales. We found that a significant contrast in dynamics exists within a supramolecular nanofiber which can be mediated by the hydrogen bonding propensity of the constituent molecules. Conformational dynamics of a covalently bound spin label probe ranging from rotational diffusion rates of 5 MHz to 100 MHz were observed within a single nanofiber, comparable to the motion of solids and viscous fluids, respectively. The slow dynamics observed at the innermost residue and adjacent sites can be defined as a solid-like shell surrounding the viscous core. This shell within the PA 1 nanofiber should affect nanofiber stiffness and cohesion, and should be important to the mechanobiology of artificial extracellular matrices created with PA fibers. In addition, the ability to characterize surface dynamics is important because the nanofibers may be functionalized with epitopes to introduce bioactivity. Cellular response to the epitopes displayed by the nanofibers may be controlled by tuning their dynamics through molecular design. The observed sensitivity of dynamics to the internal intermolecular interactions and the contrast in state of matter within the cross-section of a single nanofiber suggest that the measurements described here are a useful tool for the design of new biomaterials and other supramolecular materials with integrated functions.
Methods

Synthesis of PAs
PAs were synthesized using standard Fmoc-based solid-phase peptide synthesis. PAs 1a, 1b, and 1c were synthesized using Fmoc-2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (Fmoc-TOAC), an unnatural(nitroxide-containing) amino acid. 19 PAs 1d and 1e were made by off-resin coupling of the free amine of the H 2 N-VVAAEE peptide in solution to a spin labeled alkyl tail consisting of NHS-derivatives of DOXYL-containing alkyl carboxylates. Full synthetic details can be found in the Supplementary Section S1.
Sample Preparation
PA samples were prepared by dissolving PA 1, PA 2, and/or PA 1a-1e in 5% NH 4 OH(aq). The solutions were mixed together to obtain equimolar ratios of PA 1/2 and/or final spin label concentrations of 0.4%. The mixtures were bath sonicated for 30 min, then lyophilized to white powders. Each powder mixture was dissolved at 2 wt% in pure water and pHadjusted to 7.4 by addition of NaOH. 1M CaCl 2 was added for final [Ca 2+ ] of 100 mM and final PA concentrations of 1 wt%.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)
CryoTEM was performed on a JEOL 1230 microscope with an accelerating voltage of 100 kV. A Vitrobot Mark IV equipped with controlled humidity and temperature was used for plunge freezing samples. A small volume (5-10 μL) of PA nanofiber suspension at 0.1% (w/v) in water was deposited on a copper TEM grid with holey carbon support film (Electron Microscopy Sciences) and held in place with tweezers mounted to the Vitrobot. The specimen was blotted in an environment with 90-100% humidity and plunged into a liquid ethane reservoir that was cooled by liquid nitrogen. The vitrified samples were transferred in a nitrogen environment into liquid nitrogen and transferred to a Gatan 626 cryo-holder using a cryo-transfer stage. Samples were imaged using a Gatan 831 bottommounted camera.
Electron Paramagnetic Resonance (EPR)
EPR spectroscopy was performed on a Bruker EMX with a 4119HS cavity at X band (9.8 GHz) with center field at 3400 G and a 200 G sweep width. Modulation amplitudes were kept below 0.2 times the peak-to-peak line widths. Each sample (3 μL) was injected into a 1.5 cm PTFE capillary (O.D. 1.58 mm, I.D. 0.76 mm), and capped on both ends with Critoseal. The capillaries were deposited into a quartz EPR tube that was inserted into a rectangular EPR resonator cavity; all spectra were collected at ambient temperature.
EPR Spectral Simulations
Spectral simulations were performed using the Acert software package (NLSL), with a microscopic order macroscopic disorder (MOMD) model._ENREF_19 21 Frozen spectra (150 K) were fit to find A and g tensor components, which were input and fixed for the room temperature fitting procedure. From the output simulation parameters, the rotational diffusion coefficient, rbar, is extracted, from which the rotational diffusion rate, k r , is computed: k r = 10 rbar . Details of the fitting procedure and model can be found in Supplementary Section S3.
ThT Assay
To characterize β-sheet formation, a thioflavin T (ThT) assay was performed. PA solutions were dissolved in buffer (70 mM NaCl, 2 mM KCl, 4 mM Na 2 HPO 4 , pH 7.4) at 10 mM and aged overnight. A freshly dissolved stock solution of ThT (Sigma-Aldrich) was prepared and added to PA solutions to give 1 mM PA with 100 μM ThT. Fluorescence spectra were monitored with an excitation wavelength of 440 nm and emission wavelengths 450 nm -550 nm using a Molecular Devices SpectraMax M5 spectrometer.
Circular Dichroism
CD measurements were performed on a Jasco J-815 spectrometer using a quartz cuvette with a path length of 1 mm. A solution of 1% (w/v) PA was dissolved in 100 mM NaCl, pH 7.4 and aged overnight. Prior to CD experiments, a CaCl 2 solution was added to the PA for a final concentration of 100 mM CaCl 2 and 0.05% (w/v) PA. The data were averaged over five spectra for each sample and measured at room temperature.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Peptide amphiphiles self-assemble into high-aspect-ratio nanofibers. a) Chemical structures of the PA molecules investigated where the aliphatic region is shown in black, structural sequence shown in red, and charged residues in blue. PA 1 contains six residues VVAAEE, where the valines are expected to contribute to intermolecular hydrogen bonding. PA 2 contains an N-methylated valine, V N(me) VAAEE, to reduce intermolecular hydrogen bonding propensity. PAs 1a-1e are labeled with radical electron spin labels (radicals shown in green); b) Molecular graphics rendering of a coassembled supramolecular nanofiber with PA molecules containing spin labels at the innermost residue corresponding to PA 1/1c; c) Cryogenic transmission electron micrograph of PA 1 in water reveals high-aspect-ratio nanofibers with diameters of approx. 7 nm; the area outlined with a square is shown magnified in the inset. Electron paramagnetic resonance spectra at specific sites through the cross-section of peptide amphiphile nanofibers. a) EPR spectra of strong β-sheet nanofiber composed of 99.6% PA 1 and 0.4% of each spin labeled PA (1a-1e). Spectra of nanofibers produced by co-assembly of PA 1 with PA 1a (top) through PA 1e (bottom) correspond to the crosssection from the nanofiber surface to the core, respectively; b) weak β-sheet nanofiber composed of 49.8% PA Internal dynamics through the cross-section of peptide amphiphile nanofibers are obtained with sub-nanometer resolution and shown to depend on the presence of β-sheet promoting amino acids. a) Rotational diffusion rates (k r ) extracted from EPR spectral simulations ( Fig.  S4 ) with each spin label (PAs 1a-1e) integrated into the nanofiber, plotted against theoretical radial position (calculated from a fully extended PA molecule) and radial distance. The purple line corresponds to PA 1 nanofibers designed to possess strong β-sheet character, and the green line to equimolar coassemblies of PA 1 and 2 designed to possess weak β-sheet character. The three domains of the nanofiber cross-section are indicated by I. aliphatic core, II. structural domain shell, and III. charged corona. b) ThT assay showing the decrease in β-sheet character with increasing incorporation of PA 2 into PA 1 nanofibers. When the composition of the nanofiber contains < 10% PA 2, ThT fluorescence intensity remains high because β-sheet hydrogen bonding is present to a substantial extent. At 20-50% incorporation of PA 2, the nanofibers' β-sheet character has been significantly reduced. c) Circular dichroism spectrum of PA 1 (purple) indicates strong β-sheet character, and of PA 1/2 coassembly (green) showing that after incorporation of PA 2, β-sheet character is no longer dominant. Schematic molecular graphics representation of peptide amphiphile nanofibers. Nanofiber composed of a) PA 1 and b) PA 1/2. The vertical bar indicates the gradient of solid-like to liquid-like dynamics (blue and red, respectively) through the nanofibers' cross-sections. PA 1 has high β-sheet character resulting in solid-like dynamics in the structural sequence. By removing the β-sheet (by coassembly of PA 1 with PA 2), faster dynamics are observed as the PA structural sequences is no longer locked into hydrogen bonding networks.
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